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METHOD FOR COVERING PARTICLES,
ESPECIALLY A BATTERY ELECTRODE
MATERIAL PARTICLES, AND PARTICLES

OBTAINED WITH SUCH METHOD AND A
BATTERY COMPRISING SUCH PARTICLE

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application 1s a Continuation of U.S. patent appli-

cation Ser. No. 14/625, 442, filed Feb. 18, 2015, which 1s a
Divisional of U.S. patent application Ser. No. 11/955,184,
now U.S. Pat. No. 8,993,051. These applications are incor-
porated herein by reference 1n their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention (Technical Field)

The present mvention relates to a method for covering
particles having a diameter of maximally 60 um by means of
atomic layer deposition. The present invention also relates to
particles obtainable by such method, and a battery contain-
ing said particles.

Description of Related Art

Such a method 1s known from the art. Although herein-
aiter mainly reference will be made to particles to be used
in a battery, for example and preferably lithium containing
particles, such as LiMn,O,, L1CoO, or LiN10O, as well as
other lithium containing materials, such as LiFePO, and
others, the method can be used for subjecting all kinds of
particles 1n the said size range by means of atomic layer
deposition.

In the art, the use of lithium ion batteries has many
advantages over other cathode material containing batteries,
especially with respect to rechargeable batteries. Compared
to nickel-cadmium batteries and nickel-metal-hydride bat-
teries, the output voltage of lithium 10n batteries 1s higher.
Secondly, the energy density 1s higher, resulting 1n smaller
and lighter batteries. Other advantages of lithium 1on bat-
teries are a low selif-discharge, good cycle-life and very low
maintenance. Drawbacks of lithium i1on materials are the
relatively high costs and long charging times, and the fact
that the batteries age 1n time, whether they are being used or
not.

During the discharge of the lithium ion batteries, lithium
ions are transferred from the negative electrode side of the
battery to the positive electrode side. Recent research activi-
ties have provided new electrode materials, that provide an
improved transport of lithium 1ons. An example of this
matenal 1s L1,11;0,,, which 1s used as a negative electrode
material having the spinel structure. This material has a
three-dimensional structure for lithium intercalation (the
insertion of lithium into the crystal lattice). With this mate-
rial, high charge and discharge rates are possible. A draw-
back of this material i1s that the potential at which lithium
intercalation occurs 1s much higher than that for negative
clectrode materials used thus far. As a result, the battery will
have a lower output voltage than was usual for lithium 10n
batteries. To compensate for this problem, new positive
clectrode materials have been developed with higher poten-
tials than the currently used materials. Potential (Possible)

new positive electrode matenals are based on LiMn,O,
(comprising a 50/50 combination of Mn* and Mn™*), with

possible additives like Mg, N1, like LiMg Ni, . Mn, O,
(comprising only Mn**) which is also of the spinel-type. The
positive electrode voltage 15 4.7-4.9 V, against L1/L17. There-
tore, the battery output voltage for a combination consisting
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2
of L1, Ti.O,,/LiMg Ni, ._Mn, O, (comprising Mn**, and a
combination of Ni** and Ni*™*) can be 3.2-3.4 V, which still

1s a very acceptable value.

Herealter 1n this description the negative electrode will be
referred to (1dentified) as the anode and the positive elec-
trode will be referred to (identified) as the cathode.

A problem with the above identified cathode material 1s
the dissolution of transition metal 10ons, especially Mn-1ons,
in the electrolyte. When this occurs, the structure of the
material changes and there 1s a smaller number of positions
available for lithium intercalation. In addition, the high
oxidation ability of Mn™**-ions may lead to a decomposition
of the solvents 1n the electrolyte. These factors lead to a
capacity loss that 1s independent of the cycling but proceeds
progressively 1 time. The capacity fading increases with
temperature: when Li-ion batteries are stored at tempera-
tures of 60° C., a battery may lose up to 40% of 1ts capacity
in only three months time. The problem 1s more severe for
high-voltage materials (e.g. Mn and Fe comprising materi-
als) than for “regular” cathode materials. A specific example
of a Fe-containing cathode matenal, 1s LiFe 11, Mn, O,
wherein 0<y<0.3.

Recently, also research has been performed dedicated to
the use of nano-powders 1n batteries. These powders have
several advantages over the current cathode or anode mate-
rials. Firstly, the surface area per weight increases strongly,
leading to enhanced charge transier (faster charging). Sec-
ondly, the diffusion lengths for Li-10ons are very short, which
enhances the power performance by increasing the effective
capacity for lithium storage. Thirdly, the nano-powders are
much more resistant to stresses due to expansion and shrink-
ing during intercalation and de-intercalation of the lithium
ions, which cause crystal fatigue and loss of capacity 1n
regular cathode matenals.

An mmportant drawback of nano-materials in batteries 1s
the increased dissolution of the transition metal 10ons. This
dissolution 1n the electrolyte 1s a surface related problem,
and therefore increases very fast with decreasing particle

s1Ze.

2-x-y

BRIEF SUMMARY OF THE INVENTION

Therefore, the invention aims at providing a method for
protecting the nano-particles from dissolution 1n the elec-
trolyte.

The invention also aims at providing a method for pro-
viding a coating on nano-particles, without influencing the
clectrochemical properties of the particles.

The mvention especially aims at providing a coating on
lithium containing particles of less than 60 um.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

According to the mvention, the method for covering said
particles comprises the steps as mentioned 1n claim 1. By
means of this method, a very uniform and as thin as possible
layer 1s obtained on said nano-particles. According to a
preferred embodiment, the method further comprises the
step of (b) subsequently fluidizing said particles in said
fluidized bed reactor using a second reactant gas comprising
a second reactant for substantially completely covering said
particles obtamned 1n step (a) with a monolayer of said
second reactant. Such a method 1s especially preferred 1f a
layer should be provided on the nano-particles that 1s a
product of two diflerent reactants, that are provided subse-
quently to the nano-particles. Such 1s especially very suit-
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able 1f the first reactant adsorbs on and/or optionally reacts
with the nano-particles, and wherein the second reactant
adsorbs on and/or reacts with the first layer that 1s provided
on the nano-particles. A preferred embodiment comprises
the step adding as said first reactant a component chosen
from any of: a hydroxide providing component, an oxide
providing reactant, an alkyl metal providing component, a
metal alkanolate providing component, or the like, and
adding as said second reactant a reactant that 1s different
from said first reactant and i1s chosen from any of: a
hydroxide providing component, an oxide providing reac-
tant, an alkyl metal providing component, a metal alkanolate
providing component, or the like. As a matter of fact, if the
nano-particles already comprise an oxide layer or a hydrox-
ide layer, the first step of the method according to the
invention may comprise adding a reactant that provides a
metal on said nano-particles, preferably an alkyl metal
compound or a metal alkanolate compound, such that a
monolayer of the reaction product of this metal with the
hydroxide or oxide may be obtained. If required, a further
suitable reactant may subsequently be added, so as to obtain
a dry alumina monolayer on said material (or any respective
metal oxide layer, for example a zincoxide monolayer).

Any combination of reactants may be added subsequently
during tluidization of the nano-particles, so as to add a first
reactant that adsorbs to and/or reacts with the surface layer
of the nano-particles, wherein the second reactant adsorbs to
and/or reacts with the firstly added reactant, and one or more
turther reactants are added in subsequent steps for further
adsorption to and/or reaction with said secondly added
reactant.

All steps wherein different reactants are added, are per-
formed subsequently. The addition of the first reactant 1n a
carrier gas or as a pure reactant, may be followed by the
addition of a second reactant, optionally 1n a carrier gas or
as a pure reactant, and may be performed without interrup-
tion, and optionally with the intermittent addition of a gas
that 1s non-reactive (1.e., 1nert) to the nano-particles and/or
the reactant added previously.

A suitable method may consist of adding a fluidization gas
to the particles 1n a fluidized bed and 1njecting, or otherwise
adding, said reactant to the fluidization gas. This 1s a
convenient way to keep the fluidization gas substantially
constant and wherein the amount of reactant can be adjusted
precisely.

It 1s preferred that the method 1s performed on particles
having a diameter of maximally 60 um. Preferably, the
particles have a diameter 1n the range within 10 nm and 500
nm. More preferably, the diameter of the particles 1s at least
10 nm at maximally 100 nm.

It has shown that a battery containing electrode particles
that are protected by means of a nano-layer that i1s obtained
by a method according to the present invention, has an
increased lifetime. Although a fluidization technique has
already been used for atomic layer deposition on small
particles, this method has hitherto not been used for nano-
particles. Fluidization techniques for such particles are only
known for systems where the pressure 1n the flmdization
reactor 1s reduced. According to the present invention, 1t has
shown that 1t 1s possible to use increased pressures in the
fluidization reactor, of about atmospheric pressure or above.
As a rule, this pressure 1s measured at a position above the
fluidized bed.

It was regarded impossible to perform an atomic layer
deposition techmique on nano-particles since, due to the very
high contact surface the heat production would become too
high. However, with the present invention this has shown to
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4

be no problem at all. On the contrary, the temperature in the
fluidized bed 1s very homogeneous, probably due to the
intense mixing of the particles 1 the fluidized bed. As a
consequence, the covering of the nano-particles with the
reactant (reactants) 1s very homogeneous, such that nano-
particles are obtained with a very homogeneous nano-layer
thereon, and as a result of which, the batteries have a very
constant quality.

The method according to the state of the art for covering
nano-particles consisted of using a chemical vapor deposi-
tion technique on nano-particles, however, without intense
stirring of the nano-particles. As a consequence, the layer
covering the nano-particles was very inhomogeneous and
hence, the quality of the batteries obtained therewith also
fluctuated greatly.

According to the state of the art, the dimensions of the
nano-particles were increased, with a consequence that
diffusion length of the lithium 1ons increases, and the
charging and discharging time also increased.

The Invention

The invention will now be further elucidated by means of
an example. This example 1s only intended to provide an
explanation of the mvention, and should not be regarded as

a limitation to the scope of protection.
In the fluidized bed reactor, a vibrator 1s used. Due to this

vibrator, an increased fluidization of the nano-particles 1s
obtained. However, this vibrator 1s not an obligation.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

—

T'he accompanying drawings, which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1 shows a schematic drawing of the experimental
setup for the ALD-process (atomic layer deposition). It
consists of a 26 mm 1nternal diameter, 300 mm long glass
reactor tube that 1s filled with LiMg, ,-N1, .-Mn, O, nano-
particles with a diameter of 10-50 nm. The reactor 1s placed
on a shaker driven by two vibromotors that produce a low
amplitude vibration at adjustable frequency to assist fluidi-
zation. The fluidizing gas 1s nitrogen. Each ALD-cycle
consists of four process steps:

1. Valve V1 1s opened, so that part of the nitrogen is led
through a bubbler containing the organo-metallic precur-
sor and saturated with 1ts vapor. This vapor adsorbs on the
particle surface;

2. When the complete particle surface 1s covered with the
precursor, V1 1s closed and V2 1s opened to flush the tubes
with pure nitrogen. This prevents (undesired) reactions 1n
the tubes;

3. V2 1s closed and V3 opened to lead the gas through a
bubbler containing water. The water vapor reacts with the
organo-metal on the surface of the powder;

4. V2 1s opened again and V3 closed to clear the tubes for
the next cycle.

These steps are repeated until a suflicient number of
cycles have been performed to achieve the desired thickness
of the coating.

The vanables that can be adapted 1n the ALD-process are
the number of cycles, coating material, overall tlow, reactant
concentration, cycle times for precursor and water, vibration
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frequency, reaction temperature etc. During the process the
temperature, pressure difference and pressure tluctuations
are recorded.

For the experiments described in this paper, only the
fluidization part of the set-up has been used, 1.e., gas without
reactants for the fluidization, assisted by vibration. The gas
flow was varied from 0 to 21/mun. (velocities of 0-63 mm/s),
and several vibration frequencies were used, ranging from
0-47 Hz. Higher gas velocities were not used because the
particles started to be elutniated from the column.

Pressure tluctuations were measured at a frequency 20 of
400 Hz using piezo-electric pressure transducers, Kistler
type 7261, at two heights 1n the column: 50 mm and 125 mm
above the gas distributor. For titamia particles, that were used
in some experiments, the data from 125 mm are given here
because of a blockage of the lower measuring point after
some time; for the cathode particles the height of 50 mm was
used due to the lower mitial bed height. For the titama
particles, the data from the higher and lower measuring point
were comparable. The fluidization experiments were done at
room temperature and atmospheric pressure.

Two types of particles were used: the first type 1s the
LiMg, N1, .-Mn, O, cathode material, which was pre-
pared by an auto-ignition method (described by Lafont et
al.). FIG. 2 shows TEM (transmission electron microscope)
pictures of this matenial. The particle dimensions observed
in these TEM 1mages are 20-100 nm. A (Brunauer-Emmett-
Teller) BET-analysis rendered a surface of 6.4 m®/g, from
which an equivalent diameter of 213 nm can be calculated.
Laser diflraction showed a very wide particle size distribu-
tion, ranging from 40 nm or smaller (40 nm 1s the lower limit
of the apparatus) to 60 um (clusters). Combination of these
measurements leads to the conclusion that the particles form
clusters, and that part of the clusters are “hard” aggregates,
with some necking between the primary particles. To make
a comparison possible, also a more common type ol nano-
particles has been investigated: commercial titania particles.
These particles have a diameter of 20-25 nm and a surface
area of 90 m*/g (data from manufacturer Kerr-McGee Pig-
ments). It 1s expected that i1t 1s a loose powder and at all
aggregates 1n this powder are soft aggregates that break up
casily.

FIG. 3 shows the relative bed expansion during the
experiments. To calculate this, the minimum bed height as
measured during all experiments, was taken as the 1imitial bed
height H,. This mimmimum was found when the bed was
compacted at the highest vibration frequency. For these
experiments, the vibration frequency was set to a fixed
value, and the gas velocity adjusted. We started with the
lowest frequency.

However, the experiments were also carried out with
particles with a history of vibration, also at high frequencies;
these particles are marked with an * in the figures. The
graphs confirm that the initial bed height depends on the
vibration frequency, at higher frequencies the particles are
packed closer.

Visual observations of the fluidization behavior of the
cathode particles suggest that at low gas velocities, there 1s
some channeling. At higher velocities, the eruptions at the
bed surface are more violent and appear to originate from
(small) bubbles, although these are hard to distinguish since
the powder 1s black. The vibrations have some influence: at
high frequeneles bubbles start to appear at lower gas veloci-
ties. The effect was not quantified due to atorementioned
visibility problems. For the (white) titania powder it 1s easier
to distinguish channels and bubbles. For each velocity and
frequency, there 1s a certain part in the bottom of the bed that
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6

1s not moving. Some large aggregates can be distinguished
here and channeling occurs in between these aggregates. The
height of this part decreases with gas velocity and vibration
frequency. Above this bottom zone, the bed fluidizes with
small bubbles. A memory eflect could be noticed for both
particle types, although 1t was stronger and lasted longer for
the titanmia. The non-moving bottom zone was much smaller
for particles with a history of vibration than for “fresh”
particles. An explanation could be that part of the aggregates
was broken up by the high frequencies, and only the very
large (hard) aggregates remained. The bed expansion factor
H/HO reached a maximum value of 2.0 for the cathode
particles and 1.63 for the titama particles. It was also found
that when the vibration and gas flow are stopped, the bed
does not return to 1ts mitial height, and even after several
days 1t may still be expanded (H/HO1, 4), showing that the
aggregates are very loosely packed. The measured porosities
for the cathode particles were 1n the range of 0.66-0.83, and
for the titania 1t was 0.87-0.92.

FIGS. 4A and 4B show the standard deviation of the

pressure signal during the experiments, which could provide
information on the regime i which the flmdized bed 1is
operating. The pressure tluctuations 1n the experiments with
a high vibration frequency are determined mainly by the
vibrations, the influence of the gas flow was minor. This was
confirmed by the power spectrum, where high peaks
occurred at the wvibration frequency. When there i1s no
vibration or vibration at a low frequency, there i1s a notice-
able influence of the gas tlow on the pressure fluctuations, as
1s observed 1n a regular gas-fluidized bed as well.

For the cathode particles, the sudden rise followed by a
decrease in the fluctuations at high frequencies could 1ndi-
cate a transition from bubbling to turbulent regime. How-
ever, more data are necessary to confirm this and explain the
mechanism. For the T10, this transition was not observed for
the studied range of gas velocities. The data series from
particles with a vibration history show that this history and
the change 1n fluidization behavior it causes do not have a
large mfluence on the pressure tluctuations.

FIG. 5 further shows SEM (scanning electron micro-
scope) photographs of particles obtained according to the
method of the present mvention and wherein as a first
reactant water was added for forming a hydroxide mono-
layer on the particles (LiMn,O,). Then, trimethylaluminiurn
(TMA) was added to the fluidization gas so as to perform a
reaction of said TMA with the hydroxide monolayer. Sub-
sequently, a further addition of water was performed, and a
first monolayer of alumina on said particles was obtained.
This combination of steps was repeated until an alumina
layer on said particles was obtained in a suili

icient thickness
and was very homogeneous. The layer turned out to have a
thickness of about 2 nm and consisted (by means of EDX
(energy dispersive x-ray) in a SEM) of aluminium oxide.

The FIG. 6 shows the results on cyclic behavior of
repeatedly charging and discharging batteries made from the
coated particles according to the invention and uncoated
particles as a reference example. Both at low temperature
(20° C.) and high temperature (60° C.) the capacity at fast
and slow discharge and charge rate 1s much higher 1n the
batteries containing the coated particles as cathode material.
Also, the uncoated particles show a clear fading in capacity
due to degradation of the cathode material.

Therefore, from the above example, 1t can be concluded
that the method, according to the present mmvention, 1s a
suitable way for providing a protective layer on nano-
particles.
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The 1nvention claimed 1s:

1. An electrode comprising a plurality of particles having
a diameter of maximally 60 um, wherein the particles are
coated with a protective layer having a uniform thickness of
about 2 nm or less, wherein the protective layer of the
particles 1s obtained by atomic layer deposition, wherein the
particles are lithium containing particles.

2. The electrode of claam 1, wherein the electrode 1s a
cathode.

3. The electrode of claim 1, wherein the particles com-
prise a lithium metal oxide or a lithium metal phosphate.

4. The electrode of claim 1, wherein the particles com-
prise one or more of LiMn,O,, L1CoO,, LiN10O,, LiFePO,,
L1,1150,,, LiMg Ni, 5 _Mn, sO,, and LikFe 11 Mn, . O,.

5. The electrode of claim 1, wherein the particles have a
diameter of 10 nm to 60 um.

6. The electrode of claim 1, wherein the particles have a
diameter of 10 nm to 500 nm.

7. The electrode of claim 1, wherein the particles have a
diameter of 10 nm to 100 nm.

8. The electrode of claim 1, wherein the particles are
coated with a metal oxide layer of about 2 nm or less.

9. The electrode of claim 1, wherein the particles are
coated with an alumina layer of about 2 nm or less.

10. The electrode of claim 1, wherein the particles are
protected from dissolution of transition metal ions 1n an
clectrolyte, resulting 1n a capacity reduction less than 40%
when stored at 60° C. in a charged state over a three-month
time period.

11. The electrode of claim 1, wherein the particles com-
prise one or more of primary particles and hard aggregates
ol primary particles.
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12. The electrode of claim 1, wherein the particles are
obtained using an auto-1gnition synthesis method.
13. The electrode of claim 1, wherein the protective layers

on the particles are obtained by

(a) fluidizing the particles 1n a fluidized bed reactor using
a first reactant gas comprising a first reactant for
substantially covering said particles with a monolayer
of said first reactant;

(b) subsequently fluidizing said particles obtained 1n step
(a) 1n said fluidized bed reactor using a second reactant
gas comprising a second reactant for substantially
covering the monolayer on said particles obtained 1n
step (a); and

(c) repeating step (a) and step (b) sequentially to obtain
the protective layer having a thickness of about 2 nm or
less.

14. A battery comprising the electrode of claim 1.

15. A powder adapted for use 1n an electrode, comprising

a plurality of particles having a diameter of maximally 60
um, wherein the particles are coated with a protective layer
having a uniform thickness of about 2 nm or less, wherein
the protective layer of the particles 1s obtained by atomic
layer deposition, wherein the particles are lithium containing
particles.

16. The powder of claim 15, wherein the particles are
lithium containing particles having a diameter of 10 nm to
500 nm and coated with a metal oxide layer of 2 nm or less.

17. The powder of claim 15, wherein the particles are
lithium containing particles having a diameter of 10 nm to
100 nm and coated with an alumina layer of 2 nm or less.
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